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ABSTRACT
Gray leaf spot (GLS; causal agent Cercospora zeae-maydis and Cercospora zeina) is an important maize (Zea mays L.) disease in the United States. Current control methods for GLS include using resistant cultivars, crop rotation, chemical applications, and conventional tillage to reduce inoculum levels. Teosinte (Z. mays subsp. parviglumis) is the wild progenitor of maize and easily forms hybrids with current maize inbreds. The aims of this study were to identify alleles from teosinte that, when introduced into temperate maize germplasm, conferred significant levels of GLS resistance. A population of 693 BC 4 S 2 near isogenic lines (NILs), developed by crossing nine different teosinte accessions into the background of the maize inbred B73, were evaluated for GLS resistance in replicated field trials over 2 yr. Six markers significantly associated with GLS resistance were identified using 768 single nucleotide polymorphism (SNP) markers used to genotype this population. Twenty-seven individual NILs that differed significantly from B73 for GLS resistance and that carried teosinte introgressions at the significantly associated SNPs at bins 2. 04, 3.06, 4.07, 5.03, 8.06 , and 9.03 were selected for follow-up studies. F 2:3 populations were developed by crossing each selected NIL to B73 followed by self-pollinating the progeny twice. These F 2:3 populations were evaluated for GLS resistance and genotyped at the loci of interest. In most cases, single-marker analysis validated predicted allelic substitution effects from the original NIL populations.
wetness ( Jackson and Rees, 2008) . Gray leaf spot is a polycyclic disease and is initiated in the spring from spores that have overwintered on infected corn residue from the previous year (Paul and Munkvold, 2005) . With a susceptible hybrid and favorable conditions for GLS, as little as 10% of total possible corn residue left on the soil surface can hold enough inoculum to cause an epidemic in a field (Shaner et al., 1998) . Symptoms start with chlorotic dots followed by dot enlargement and progressive necrosis, resulting in tan or brown regions (Beckman and Payne, 1982) . Current methodologies to control for GLS include using resistant cultivars, crop rotation, and conventional tillage, especially in continuous-corn fields. Crop rotations help to reduce the amount of inoculum left in the field, but the use of resistant hybrids may be the most effective way to reduce disease pressure and therefore secure grain yield (Shaner et al., 1998) . Developing resistant hybrids is fairly straightforward, as GLS resistance is highly heritable in inbreds, and resistance in the inbred is positively correlated with resistance in the hybrid (Menkir and Ayodele, 2005; Ott, 2013) .
To date, many quantitative trait locus (QTL) mapping studies have identified potential resistance alleles on every chromosome of maize. Generally, those alleles identified were quantitative and additive in action (Balint-Kurti et al., 2008; Benson, 2013; Bubeck et al., 1993; Clements et al., 2000; Gordon et al., 2004; Lehmensiek et al., 2001; Pozar et al., 2009; Saghai Maroof et al., 1996; Veiga, 2012; and Zwonitzer et al., 2010) . Estimates of additive effects were also commonly small and explained a small amount of disease variation. Many of these studies have used populations derived from two temperate-adapted maize inbreds, one of which was often B73. Some studies have used populations derived from crosses between temperate lines (often B73 again) and unadapted tropical germplasm (Benson, 2013; Bubeck et al., 1993; Gordon et al., 2004; Lehmensiek et al., 2001; Pozar et al., 2009; Veiga, 2012; Zwonitzer et al., 2010) . Teosinte, the wild progenitor of maize offers a potential novel source of resistance alleles for further exploration.
There are five species of Zea. The best known of these, Zea mays, has four subspecies (Buckler et al., 2006) . One of these, Z. mays subsp. parviglumis, is widely thought to be the ancestor of another of the subspecies Z. mays subsp. mays, also known as modern maize (Matsuoka et al., 2002) . The name teosinte is often used to describe all the species and subspecies within Zea that are not Z. mays subsp. mays. We will use the term teosinte solely to describe Z. mays subsp. parviglumis.
During the domestication of modern maize from teosinte, a substantial amount of the variation was lost as a result of genetic bottlenecks (Wright et al., 2005) . Estimates of the amount of diversity lost vary but are generally agreed to be around 30% (Buckler et al., 2001; Zhang et al., 2002) . This level of loss is similar to other grass species, such as rice (Oryza sativa L.; 71% retained; Oka, 1988) and sorghum [Sorghum bicolor (L.) Moench; 67% retained; Morden et al., 1990] . One model suggests that fewer than 10% of the total teosinte population contributed to the current diversity found in maize (Wright et al., 2005) . Gray leaf spot is prevalent in many of the environments in which teosinte is found, based on geographical distribution of GLS (Das, 2014) , and it is likely that GLS was a selection factor during evolution. Therefore, it follows that teosinte has potential to contribute GLS resistance alleles that may have been lost from cultivated maize during the domestication process.
Near isogenic line populations are derived using a backcrossing breeding scheme between a donor and a recurrent parent. They are so named because of the genome of each line being nearly isogenic to the recurrent parent genome (Eshed and Zamir, 1995) . The differences between NILs are due to varying segments of the donor genome within each line. They have become a popular choice for QTL studies since they minimize genetic background noise and effect estimates are very accurate (Eshed and Zamir, 1995; Szalma et al., 2007) . When dealing with wild relatives, backcross populations offer a convenient source for further breeding. Crosses between wild relatives and elite lines typically result in progeny with unmanageable amounts of deleterious alleles, making population improvement slow and tedious (Tanksley and Nelson, 1996) . Near isogenic lines with introgressed segments of donor wild relative genome are easy to breed with, as the majority of the genome is from the recurrent elite line.
The aims of this study were to identify and validate teosinte-derived alleles for GLS resistance and susceptibility in NIL populations in which portions of nine different teosinte accessions had been introgressed into the background of the commonly used, temperate-adapted maize line B73. Nine teosinte NIL populations, with a combined 693 BC 4 S 2 derived lines, were evaluated for GLS resistance. Teosinte alleles that conferred GLS resistance or susceptibility were identified and were subsequently validated through the production, evaluation, and analysis of F 2:3 populations.
MATERIALS AND METHODS

Parent Populations
A total of 693 teosinte NILs from nine populations were developed by crossing nine teosinte accessions to the maize inbred B73 (Liu et al., 2015) . The nine accessions were (with population reference code and number of lines developed within each BC 4 S 2 population): Ames21785 (Z032, 88) from El Salado, Guerrero; Ames21786 (Z033, 85) from El Salado, Guerrero; Ames21789 (Z034, 90) from Mazatlan, Guerrero; Ames21809 (Z037, 79) from Palo Blanco, Guerrero; Ames21814 (Z035, 75) from Site 6, Guerrero; Ames21889 (Z036, 82) from El Rodeo, Jalisco; PI384065 (Z029, 50) from Teloloapan, Guerrero; PI384066 (Z030, 62) from Teloloapan, Guerrero; and PI384071 (Z031, 75) from Iguala-Arcelia, Guerrero. Briefly, the resulting F 1 progenies above. B73 was planted in every 11th plot in 2011, every 20th plot in 2012, and every 30th plot in 2013 as a repeated check. Ratings and DTA were recorded in the same manner as described above. In 2013 a small subset of those populations with the largest allelic effects from either 2011 or 2012 were grown again and included in the field design as described.
Statistical Analysis of the Teosinte Near Isogenic Line Populations
Statistical analysis of all disease data was performed using SAS (version 9.1.3) PROC MIXED (SAS Institute, 2003) . The random effects in the full model included: year, replication (year), population (replication  year), genotype  year, row (year), and column (year), while genotype was considered a fixed effect. The NIL population data were analyzed by combining data across all populations over the 2 yr, as the year and genotype  year variance were not significant (P = 0.53 and 0.18, respectively). Significance of random variables was determined through both the covtest option in SAS, as well as by using a Chi-squared distribution with one degree of freedom and using the difference in the −2 residual log likelihood between the reduced and full model. Least squares means (LSMeans) of the DIS were obtained for each NIL as well as the significant differences between the control (B73) and individual NIL LSMeans by using the adjust=dunnet option in the lsmeans statement. The LSMeans were then used in the joint QTL analysis described below. PROC BOXPLOT was used to generate boxplots for each NIL population. Correlation coefficients were calculated for population means between environments and between replications within each environment. The LSMeans were also calculated for DTA.
Heritability on both an entry-mean basis and individualplot basis and their associated standard errors were determined using the same statistical model as described above, except that genotype was treated as random (Holland et al., 2003) .
Statistical analysis of DIS of the F 2:3 populations included fixed effects of population and genotype (population), as well as row and column orthogonal polynomials up to the fourth order (when significant at P = 0.05) and row and column random from each cross were independently backcrossed to the recurrent parent B73 for four generations to produce BC 4 progeny in each of the nine different populations. The BC 4 plants were self-pollinated twice and sib-mated once, yielding BC 4 S 2 populations.
The BC 4 S 2 populations were genotyped on a GoldenGate (Illumina) assay using 768 SNP markers (Liu et al., 2015) . Up to 10 plants were pooled per NIL for genotyping. The SNPs were chosen as a subset from the 1536 SNPs used to genotype the nested association mapping (NAM) population (McMullen et al., 2009) biased to be maximally informative for B73. Of the 768 markers, an average of 553 SNPs were informative in each NIL population. All SNPs were aligned to the NAM genetic map (McMullen et al., 2009 ).
Field Evaluations of Gray Leaf Spot
Eight of the nine NIL populations (Z037 excluded) were evaluated in 2009 and all nine NIL populations were evaluated in 2010 in Andrews, North Carolina. The GLS disease trials were planted on 14 May 2009 and 12 May 2010 in 4-m single rows with 0.97-m row widths. In 2009, 13 seeds per plot were planted and 14 seeds per plot in 2010. Each year, the experiment was arranged in a nine-by-nine lattice field design with two replications. The recurrent parent, B73, was planted once every 18 rows. Enough natural inoculum was present each year on the corn debris from the previous season to cause sufficient disease symptoms. Visual disease ratings on the ear leaf were taken twice each year at 14 d intervals starting ~2 wk after anthesis. Ratings were taken on a 1-to-9 scale, with 9 being completely resistant ( Fig. 1 ). An average gray leaf spot disease score (DIS) was calculated for each plot. Days to anthesis (DTA) was also recorded as the number of days after planting when half the plants in a row were shedding pollen.
The F 2:3 validation populations were developed by crossing selected resistant NILs to B73 and self-pollinating the F 1 and resulting F 2 populations (Fig. 2) . Each population was evaluated at a single location in 2011, 2012, or 2013 in a randomized complete block design with population as the block with two replications. The trials were planted on 11 May 2011, 10 May 2012, and 5 May 2013 using the same plot practices described Figure 1 . Gray leaf spot rating scale from 1 to 9, with 9 being the most resistant and 1 being the least resistant. Pictures are arranged as 1 to 9 from left to right, with each leaf representing an increase in score of 1. Maize inbred B73 typically scores between 4 and 5.
effects. Row and column were based on the grid of the field layout, with row running horizontally and column vertically. The orthogonal polynomials were found using the orpol function in PROC IML in SAS for use in the field spatial trend analysis, when significant. Random effects included replication, replication  population, and row and column (when significant at P = 0.05). The LSMeans of DIS for the F 2:3 populations and the significant differences between them were obtained using the pdiff option in the lsmeans statement.
Quantitative Trait Loci Analysis
A joint linkage mapping ( JLM) method was used for QTL mapping in the NILs as previously described (Buckler et al., 2009) . For the purposes of the analysis, B73 alleles were all scored as 0, teosinte (i.e., non-B73) alleles were scored as 2, and heterozygotes were scored as 1. Uninformative (i.e., nonpolymorphic) or missing marker data was imputed within each population based on the two nearest flanking marker genotypes as previously described (Buckler et al., 2009) . Frequency of imputed genotypes varied by population: 24% in populations Z031, Z035, Z036, and Z037; 26% in Z029, Z030, and Z034; and 30% in Z033. The NAM genetic map was used for JLM (McMullen et al., 2009) . PROC GLMSELECT selected the cofactors for JLM, and the selection cut off, a p-value of 0.0001, was based 1000 permutation tests. Full methods for JLM are previously described (Buckler et al., 2009) . The model was optimized in PROC MIXED using the maximum likelihood method by dropping the selected marker and replacing it sequentially with a single marker in a 3-cM region on either side of the initial marker and selecting the marker with the highest logarithm of odds (LOD) score to represent the QTL.
Logarithm of odds scores were calculated as the difference in the −2 residual log likelihood of the full and reduced (full model without the selected marker) models divided by 2 ln(10). Confidence intervals were defined as the distance between the first markers either side of the marker with the peak LOD score at which the LOD score had dropped at least two points from the peak value (van Ooijen, 1992) .
Using the final optimized model, QTL effects for each population were estimated using PROC GLM. The final model included the fixed effects of NIL population and QTL by population. The output detailed additive QTL effect estimates, their standard errors, and the significance of the QTL effect for each population by QTL. The significance for each allele was calculated using the false discovery rate of 5% by the Benjamini-Hochberg procedure (Benjamini and Yekutieli, 2005) .
Selection of Individual Near Isogenic Lines for Quantitative Trait Loci Validation
Selection of NILs was based on three criteria. First, that the marker effect was significant within the particular NIL population of which the selected NIL was a member. Second, that the selected NIL was significantly different from the susceptible recurrent parent B73. If possible, the NIL was homozygous 
Statistical Analysis of the F 2:3 Validation Populations
Single-marker analysis was conducted using DIS and marker genotype for each F 2:3 populations using PROC GLM. Segregation ratios were determined and only a few were found to be skewed, many from heterozygous NIL parents (Supplemental Table S1 ). Additive and dominance estimates were calculated using the estimate statement in SAS. When NILs contained more than one significant teosinte introgression, interactions for those QTL were tested for in the F 2:3 populations by fitting the two additive-effect QTL and their interaction. Significance was defined at P = 0.05. If a significant allele effect was identified in the F 2:3 population and the allelic effect was in the same direction as the original allele, then the allelic effect was considered to be validated.
RESULTS
Near Isogenic Line Population Disease Parameters
The observed phenotypic distribution of the NIL populations was centered on 4, which is the mean of the recurrent parent, B73 (Fig. 3) . The most resistant line, Z037E0030, had a mean of 6.1. The most susceptible NIL was line Z033E0056, with a mean of 2.5. A total of 160 NILs of the 693 lines evaluated were significantly different (P  0.05) from B73 for DIS.
In the combined 2-yr analysis for DIS, genotype was highly significant (P < 0.0001) and both the year and year  population variances were not significant (Table  1) , thus allowing the use of LSMeans calculated over the 2 yr for QTL analysis. Spatial variation, as described by row and column variables, was included in the model to for the teosinte allele at the QTL, though heterozygotes were selected when homozygous stocks were unavailable. Ultimately, 21 NILs were selected to represent 24 different significant alleles (three of the 27 significant alleles were not represented). The F 2:3 populations were derived by crossing each selected NIL to B73, followed by self-pollinating the progeny twice and harvesting each F 2 ear individually, yielding an F 2:3 family. In cases in which a heterozygous introgression was selected, only two randomly selected (ungenotyped) F 1 ears were used for development of the F 2:3 populations., Therefore it was not possible to predict the expected genotypic ratios in these populations.
Genotyping of F 2:3 Populations
Leaf tissue was collected from each F 2:3 population at the V6 growth stage by pooling leaf samples from eight plants within the row and then was lyophilized. DNA was extracted following the Cota-Sanchez CTAB extraction protocol (Cota-Sanchez et al., 2006) , with two-thirds of the volumes. All samples were resuspended in 200-mL Tris-EDTA and diluted to a working solution of 10 to 20 ng DNA mL −1 . Single nucleotide polymorphism genotyping was done by KASPar genotyping (LGC Genomics' competitive allele specific PCR SNP software; http://www.lgcgenomics.com). Primers were developed by LGC Genomics based on context sequences of the SNP markers used on the NAM population. The PCR reactions with a total volume of 4.055 mL were run on 384-well plates with both positive and negative controls. The protocol follows LGC Genomics recommended Touchdown method (LGC Limited, 2013) . Endpoint reads were taken on a LightCycler 480 (Roche Diagnostics). The LightCycler 480 software analyzes the fluorescence data and clusters into allele A type, heterozygous, or allele B type. Typically, three marker assays were used per F 2:3 population. capture field variation and reduce residual variance. Both row and column effects nested within year variables were significant in the model.
The correlation coefficient between disease ratings over the 2 yr was significant (r = 0.57, P  0.01). The correlation coefficient between replications was 0.39 in 2009 and 0.56 in 2010, which were both significant at P = 0.01. Broad-sense heritability was 0.76 on an entry-mean basis (standard error 0.02) and 0.46 on an individual-plot basis (standard error 0.02).
Near Isogenic Line Population Quantitative Trait Loci Analysis
Joint linkage mapping identified six QTL across families that were associated with DIS (Table 2 ; Fig. 4 ) located in bins 2.04, 3.06, 4.07, 5.03, 8.06, and 9.03 (Davis et al., 1999) . Significant QTL confidence intervals spanned up to 2.6 cM. Significant marker additive effects (single allele substitution) ranged from 0.24 to 1.06 for the positive, favorable alleles and −0.27 to −1.11 for the negative, unfavorable alleles (on the 1-to-9 scale employed). The final model, including the population variable and six QTL  population effects (represented by the single marker with the highest LOD score for each QTL), explained 43.7% of the phenotypic variation for DIS. Twenty-one NILs carrying several different teosinte alleles at these six QTL were selected for further validation of QTL significance and additive-effects estimates (Table 2 ). Because several of the selected NILs contained multiple QTL, 24 alleles were tested in all.
Significant markers associated with DTA were found on chromosome 1 at 54 cM, chromosome 2 at 84 cM, two on chromosome 3 at 115.8 and 134.6 cM, chromosome 8 at 66.9 cM, chromosome 9 at 69.4 cM, and chromosome 10 at 43 cM. Many of these DTA QTL were also identified in the same NILs that were evaluated in up to 20 replications at 11 locations (Liu et al., 2015) . None of the DTA QTLs overlapped with those found for GLS, although the DTA QTL on chromosome 8 was only 10 cM from a GLS QTL.
Near Isogenic Line F 2:3 Population Results
We developed F 2:3 populations of 50 to 133 families from each of the 21 selected NILs. In 2011, 278 F 2:3 families from three populations were evaluated in two replications. Fixed effects of population, line (population), and the third-order polynomial for row in the field (i.e., a spatial effect) were significant as well as the covariate DTA. In 2012, 600 F 2:3 families from six populations were evaluated and only the fixed effects of population and line (population) were significant. In 2013, 717 F 2:3 families from 12 populations were evaluated. Population, family (population), ear height, and the fourth-order polynomial for column were significant fixed effects.
The F 2:3 family LSMeans were used in single marker QTL analysis. For each QTL, three to four SNP markers were tested, and the most significant marker based on R 2 was chosen for validation and additive-effect estimates.
Of the 21 selected NILs tested, four had alleles at two different QTL, yielding a total of 25 validation tests, testing 24 alleles as one allele on chromosome 3 in Z037 was tested twice in two different F 2:3 populations. Confirmed significant additive-effect estimates of the alleles at each of the QTL were found in 18 of the 24 cases (Table 3) . In seven cases, additive-effect estimates derived from the F 2:3 populations were within 10% of the estimated additive effect from the original NIL population analysis. In 11 cases, the additive-effect estimates from the F 2:3 populations were found to be significant but more than 10% below the estimate from the NIL population. In seven cases, the effects estimated in the F 2:3 populations were nonsignificant and therefore did not validate the allele effect estimated from the original significant allele effects in the NIL population analysis. A significant QTL interaction was found in one F 2:3 population, Z037E0002, which had segregated for QTL on chromosomes 2 and 3.
In 2013, subsets of three F 2:3 populations with the strongest and most significant allele effects found in the original NIL QTL analysis were rescreened. Twelve lines from each of Z032E0081, Z033E0056, and Z033E0068 NIL F 2:3 populations were grown: six from each homozygous class (B73 vs. teosinte). The mean of the Z032E0081 F 2:3 lines that were B73 homozygous at the QTL was 5.3, while the mean of the F 2:3 lines that were homozygous for the teosinte allele was 6.3. This gives an allele substitution effect of 0.5 and confirmed the estimate from the original NIL analysis. The mean of Z033E0056 F 2:3 lines homozygous for the B73 allele was 5.3, while the mean of those homozygous for the teosinte allele was 3.9. This results in a single allele substitution effect of −0.7, which approximates the estimated effect in the original NIL analysis. The mean of Z033E0068 F 2:3 lines homozygous for the B73 allele at the QTL was 5.3, while those homozygous for the teosinte allele had a mean of 6.4. Again, this is consistent with an allele substitution effect of 0.6, which is consistent with the estimated effect from the original NIL analysis.
DISCUSSION
Teosinte offers a potential new source of resistance alleles for use in cultivated maize. It easily forms hybrids with modern maize inbreds, making population development for gene discovery possible. As a significant amount of diversity was lost after domestication, it is likely that teosinte carries useful alleles absent from cultivated maize. We identified a large number of B73 NILs carrying teosinte introgressions that were significantly more resistant or susceptible to GLS than the recurrent parent B73 in the teosinte NIL populations. The additive-effect estimates of all the alleles identified as significantly associated with GLS resistance from the original NIL populations were all above 0.25 in both the positive and negative directions on the 1-to-9 scale employed. In other words, an effect of at least 0.5 would be expected if both B73 alleles were replaced by both specific teosinte alleles. This level of effect is substantial and is visibly discernable in the field (Fig. 1) . The six QTL identified in this study were located in bins 2. 04, 3.06, 4.07, 5.03, 8.06, and 9.03 . Many previous studies identified GLS QTL across the genome in maize  maize crosses. The QTL that we identified in bin 4.07 appears to be novel, that is, a QTL in this bin has not been identified in previous maize GLS QTL mapping studies. Gray leaf spot QTL were identified in bins 2.04 and 9.03 in a previous study using the B73  Mo17 advanced intercross recombinant inbred line (IBM) population (Balint-Kurti et al., 2008) . As in our current work, this previous study analysis. Blue shaded boxes indicate that the resistance allele is from teosinte and the red shaded boxes indicate that the resistance allele derives from maize inbred B73. Differences in shading are due to differences in allelic additive-effect estimates, with the darker the shade the larger the effect. Table 2 . Significant marker, Bin, Chromosome (Ch), cM for each near isogenic line (NIL) population with estimated additive effect of each marker in each population in which it was significant, the standard error (SE), and associated significance (p-value). Effects estimated from the 1-to-9 scale, with 9 being resistant; positive effects are for increased resistance. used B73 as a susceptible parent, and in each case, the resistance allele came from the non-B73 parent. The absolute value of the additive allele effect estimates in the IBM population was much smaller using the same 1-to-9 rating scale (0.11 in bin 2.04 and 0.16 in bin 9.03). Quantitative trait loci in bins 3.06, 5.03, and 8.06 were all identified in a QTL analysis of GLS (Benson, 2013) using the NAM population, a population consisting of 5000 recombinant inbred lines developed by crossing 25 different inbred lines to B73 (McMullen et al., 2009 ). In addition, a QTL in bin 3.06 was identified as affecting late season GLS disease ratings in the mapping population derived from a 061  FR1141 cross (Clements et al., 2000) . A GLS QTL on chromosome 8 (in bin 8.06) was mapped in a Va14  B73 population (Saghai Maroof et al., 1996) . These QTL that approximately colocalize with QTL identified in this study may be caused by segregation of the same alleles as detected in this study or of alternate alleles of the same genes (since the effect sizes seem to be different between studies), or they may be caused by segregation of alleles at different but linked genes.
The teosinte alleles in our study conferred high resistance levels and 80% were validated in their respective F 2:3 populations. The six NILs with the largest allelic effect estimates that were reliable and consistent offer the greatest potential for future use in breeding programs (Table 4) . These six NILs will be available for distribution from the Maize Genetics Stock Center as the advanced self-pollinated (BC 4 S 4 ) lines: Z032E1046, Z036E1074, Z032E1081, Z029E1025, Z033E1068, and Z037E1048 (original entry [E] number plus 1000).
Allelic series were identified on chromosomes 3 and 8 (Fig. 4) . The teosinte allele for the chromosome 3 QTL in population Z037 conferred increased susceptibility, while the other significant alleles conferred increased resistance. The same was found on chromosome 8: the allele found in population Z032 conferred increased susceptibility, while the Z033 allele conferred increased resistance. Further studies are underway for the allele series on chromosome 8 using crosses between the two selected NILs, as the effect estimates were among the largest and best validated. For the other QTL, the different teosinte alleles consistently Table 3 . Results from the near isogenic line (NIL) F 2:3 populations, listed by NIL parent (NIL), NIL population (Pop), year of F 2:3 population testing, number of F 2:3 lines tested, the NIL parent disease score mean from 2009-2010 combined analysis, most significantly associated marker in F 2:3 single marker analysis, genome position (chromosome [Ch] and cM), R 2 from singlemarker model, additive-effect estimate (a) when significant at the alpha = 0.05 level, dominance effect estimate (d) when significant at the alpha = 0.05 level (positive effect means that resistance is dominant and vice-versa), effect estimate from NIL population quantitative trait loci analysis (effect), and whether the effect was validated. conferred either increased susceptibility (chromosomes 2, 4, and 9) or resistance (chromosome 5). Validations using the F 2:3 populations provided more reliable estimates of additive effects, as the numbers of comparisons were greater with larger numbers of individuals segregating for the QTL. In most cases, no dominance effect was detected. Of the five cases in which dominance was significant, the teosinte allele was determined to be dominant in all but one (Z037E0055) case (Table 3) . Alleles with effects estimated at over ~0.5 in the NIL population were generally validated in the F 2:3 populations but with lower effects. Only three of these allelic effects were validated to the same level in the F 2:3 populations, and in one case, the allele in population Z033 on chromosome 9, a higher effect was estimated in the F 2:3 . The disparity between allele effects estimated from analysis of the NIL population and their F 2:3 population effects might be influenced by a number of variables, including differences in disease pressure between years and as the fact that not all ratings were taken by the same individual over the 5 yr of this study.
From the NIL population QTL analysis, two NIL populations had a significant QTL on chromosome 5, but no F 2:3 populations were developed for validation. The Z033 population had a line with the introgression present, but the line Z033E0003 was not significantly different from B73. We did not produce an F 2:3 population from the Z032 population, as attempts to make crosses were unsuccessful.
This study identified several significant large-effect alleles for GLS resistance from novel sources. Genetic diversity has always been a priority for breeders and seed companies. These teosinte NIL populations offer a unique source of untapped allelic diversity. Here we show that this can be exploited to developed germplasm with enhanced disease resistance. Table 4 . The most resistant near isogenic lines (NILs) with validated effects on gray leaf spot (GLS). Mean GLS rating from 2009-2010 data, original additive-effect estimate, additive effect in F 2:3 populations, days to anthesis (DTA; days from planting), and ear and plant height (EHT and PHT, in centimeters 
